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METHOD AND GRAPHS FOR THE EVALUATION OF AIR-INDUCTION SYSTEMS ! 


By Свовав B. BRAJNIKOFF 


SUMMARY 


Graphs have been developed for rapid evaluation of air- 
induction systems from considerations of their aerodynamic- 
performance parameters in combination wüh power-plant 
characteristics. The graphs cover the range of supersonic Mach 
numbers ир to 8.0. Ехатт!ез are presented for an air-induction 
system and engine combination at two Mach numbers and two 
altitudes in order to illustrate the method and application of the 
graphs. The examples show that jet-engine characteristics im- 
pose restrictions on the use of fixed inlets if the maximum net 
thrusts are to be realized at all flight conditions. 


INTRODUCTION 


In order to obtain а true indication of the worth of a given 
air-induction system as a component of a propulsive unit, 
it is necessary to employ an evaluation parameter that repre- 
sents a summation of all the gains and penalties resulting 
from the use of that particular system. Such a parameter 
should consider not only the aerodynamics of the entire 
installation but also such factors as the weight, mechanical 
complexity, purpose of the aircraft, and manv others. 
Obviously, such a universal parameter is difficult to derive 
and even more difficult to apply. For this reason, it is con- 
venient to make a partial evaluation based on the aero- 
dynamic considerations before attempting a general evalua- 


tion. In such a case, the net thrust or the net thermal - 


efficiency can be used as figures of merit because they pro- 
vide a measure of the aerodynamic and thermodynamic 
qualities of the installation. The net thrust represents the 
force remaining after subtraction of the drag chargeable to 
the propulsive system from the thrust that it develops. The 
net thermal efficiency may be obtained from the net thrust, 
the flight velocity, and the rate of fuel consumption. 

The maximum net thrust and thermal efficiency attainable 
with а, jet-engine installation depend greatly on the per- 
formance of the air-induction system employed. The char- 
acteristics of air-induction systems are usually presented in 
terms of total-pressure recovery, external drag coefficient, 
and mass-flow ratio. Unless all three of these parameters 


for one system excel those for another at supersonic speeds, - 


16 is difficult to choose the better system because of the 
interdependence of the engine and mduction-system para- 
meters. Because of this interdependence, it is necessary to 
combine the induction system and power-plant characteris- 
tics во as to obtain a single figure of merit for the complete 
installation. By comparing the figures of merit, it is pos- 
sible to establish the relative aerodynamic worth of each of 
the air-induction systems considered when they are used with 
а given engine. 


'The effects of changes in various parameters on the over- 
all performance of propulsive systems have been evaluated 
in the past (see refs. 1, 2, and 3); however, the scope of each 
of these investigations was limited because the magnitude 
of changes due to variations in parameters were determined 
for specific engines or specific installations. Therefore, the 
results have quantitative significance for the assumed in- 
stallations only and cannot be applied directly to propulsive 
systems having component characteristics different from 


. those used in the analyses. 


The purpose of this report is to present & method of eval- 
uation of various air-induction systems when combined with 
arbitrary jet engines, and to present graphs that were de- 
veloped to permit rapid determination of the thrust coeffi- 
cients of a wide variety of jet-propulsion systems (ram jets, 
turbojets with afterburning, ducted fans, etc.). The eval- 
uation is based on considerations of the air-handling quali- 
ties of the induction systems and the component characteris- 
tics of engines. The method allows selection of the аего- 
dynamically optimum combination of an induction system 
and engine for a particular set of flight conditions. Thus, 
it provides the initial solution in the more general problem 
that considers the relative merit of systems for a range of 
flight conditions, 


NOTATION 


A cross-sectional area at any point of stream 
tube containing the air flowing through the 
propulsive system, sq ft 

a speed of sound, ft/sec 

external drag coefficient of propulsive system 

based on maximum frontal area, of installa- 


| D ; : 
tion, 205% dimensionless 
external drag coefficient of propulsive system ' 
based on free-stream cross-sectional area of 


stream tube entering the inlet, YR dimen- 
0 
sionless 
internal thrust coefficient based on maximum 


frontal area of installation, hey dimension- 
do 
less | 
internal thrust coefficient based on the free- 
stream cross-sectional are& of stream tube 


entering the inlet, a, dimensionless 
0419 


1 Supersedes NAOA TN 2697, “Method and Graphs for the Evaluation of Air-Induction Systems," by George B. Brajnikoff, 1952. 
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net thrust coefficient based on the free-stream 
cross-sectional area of stream tube entering 
the inlet, С», — Съ’, dimensionless 

net thrust coefficient based on maximum 
frontal area of engine, dimensionless 

drag force chargeable to propulsive system if 
the engine thrust is defined as the total 
momentum at the exit station less that of 
the incoming flow in the free stream, 
"Р в+» —Ов Ом, lb 

pressure and friction drag forces acting оп the 
basic body shape (fuselage) without an air 
inlet, lb 

total momentum of the incoming mass of air 
at the entrance station less the total 
momentum of the same mass of air in the 
за stream |(р. 4 та V1) — (pos 4- m, Уб)), 
b 

pressure and friction drag forces acting on 
the external surface of the combined basic 
body and the propulsive system, Ib 

net thrust force, /';—D,, Ib 

internal thrust force (rate of momentum 
change of internal flow between free-stream 
and the tail-pipe exit where static pressure 
is assumed equal to the free-stream static 
pressure), lb 

acceleration due to gravity, ft/sec? 

specific enthalpy, Btu/lb 

mechanical equivalent of heat, 778 ft-lb/Btu 

lower heating value of fuel, Btu/lb 

Mach number, dimensionless 

mass-flow rate, slugs/sec 

pı /ъА\ 

ро Vo 

actual rotational speed of engine, rpm 

corrected rotational speed, nal VC 
(where y and 7; correspond to stagnation 
conditions at the inlet of the unit under 
consideration), rpm 

static pressure, lb/sq-ft 

total pressure, lb/sq ft 

dynamic pressure, lb/sq ft 

maximum frontal area of power plant, sq ft 

maximum frontal area of installation, sq ft 

static temperature, ФК — 

total temperature, °R 

speed, ft/sec 

weight-flow rate, lb/see 

ratio of specific heats 


mass-flow ratio, 


pressure correction factor, та 


31 

net thermal efficiency of propulsive system 
(net thrust times the flight speed divided 
by energy input rate) 

combined adiabatic efficiency of compressor 
and turbine 


5 temperature-correction factor, | ps = py: 
t 


mass density, slugs/cu ft 


- 


SUBSCRIPTS 


"о 


а алг 

В body 

с compressor 

D drag 

F thrust 

7 fuel 

1 internal (within boundaries of stream tube 
entering the inlet) 

M total momentum | 

M, ` conditions corresponding to flight Mach 
number 

т, пеб 

opt optimum conditions (conditions of best рог- 
formance) 

p propulsive system 

P power plant 

sl _ at standard sea-level static conditions 

t stagnation conditions 


station, as shown in figure 1 


SUPERSCRIPTS 


’ based on free-stream area A, 
* reference (such as frontal area, used in drag coefficient) 


METHOD 


‘The method of evaluation consists of determining the 
maximum net thrust coefficient based on the frontal area 
of the engine at various conditions of flight. The present 
report considers primarily the net thrust coefficient because 
the net thermal efficiency depends directly on the net 
thrust coefficient (see eq. (A8) of Appendix A); the evalua- 
tion at a given flight condition leads to the same conclusions, 
regardless of which of the two parameters is used. The net 
thermal efficiency is useful in evaluating complete flight 
plans when range and endurance must be considered. 

In order to evaluate an induction system, the following 
information must be available: 

1. The induction-system characteristics p,,/p,, Па/то, 
and Cp, (which represents the total drag chargeable to the 


propulsive system) for various Mach numbers and ratios 
of inlet area, to frontal area of the installation 

2. The engine characteristics, such as the exhaust-to-inlet 
pressure and temperature ratios and the air-handling ca- 
pacity (volume of air consumed per second)? 

With this information, an inlet size can be selected for 
the propulsion system such that it operates at any desired 
mass-flow ratio and provides a constant volume of air as 
required by the engine. The inlet size and the mass-flow 
ratio in turn determine the external drag of the system. 


2 The ram-jet and turbojet engines operate essentially with constant-volume flow віпсо tho 
velocity past the flame holder and at the compressor intake must romain constant ot tho 
maximum allowable values. This condition is required in order to obtain the maximum 
thrust with an engine of a given frontal area. 
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By the use of the induction-system and engine-performance 
data corresponding to the operating condition, it is possible 
to calculate the net thrust coefficient. 

In general, the method entails the following steps: 

1, The thrust coefficient Ок’, based on the free-stream 
area Ay of the air required by the engine, is calculated for 
the given engine as а function of total-pressure recovery 
for the flight Mach number and altitude. "This computation 
is performed using the induction-system characteristics 
(D1,/P1 88 а function of та/то), the graphs presented in this 
report, and equation (À3) of Appendix À. 

2. The drag coefficient attributable to the propulsive 
system at various mass-flow ratios, Cp „ 18 transformed to 
Cp, by multiplying Ср, by the ratio S*/Ay. (See eq. (A4) 
of Appendix А.) 

3, The net thrust coefficient Су" (based on 40) at various 
mass-flow ratios is obtained by subtracting the drag co- 
efficient Cp,’ (step 2) from the thrust coefficient Съ, (step 
1). (See Appendix A, eq. (A8).) 

4. The net thrust coefficient Су, based on the frontal 
area of the engine is obtained by transforming Съ," (step 3) 
by means of equation (À7) of Appendix A. | 

After these calculations are performed for the range of 
operational mass-flow ratios, the maximum net thrust 
coefficient attainable with the given induction-system and 
engine combination is found from the plot of Cr, ав а func- 
tion of 74/70. 


X 
DETERMINATION OF THE MAXIMUM NET THRUST COEFFICIENT 


Many air-induction systems produce highest total-pressure 
recoveries at mass-flow ratios less than the maximum attain- 
able at a given supersonic Mach number. As the mass-flow 
ratio is reduced from its maximum value until the maximum 
total-pressure recovery.is attained, the thrust coefficient 
Cr; increases due to rising recovery and so does the drag 


coefficient Cy,’ due to increasing additive drag (see ref. 4). 


Thus, in this range of mass-flow ratio, the total-pressure 
recovery and drag have opposite effects on the net thrust 
coefficient Ce". To attain the maximum net thrust coeff- 


cient it is necessary, therefore, to provide the air required by. 


the engine at ап optimum mass-flow ratio that provides the 
best compromise between thrust and drag. 
Determination of internal thrust coefficient, Cr.’.—When 


calculations of the net thrust coefficient are made in order to 
find the optimum mass-flow ratio, it is convenient to consider 
the flow field existing about a propulsive system to be divided 
in two parts, internal and external, the boundary being that 
of the stream tube surrounding the air which enters the 
system. The flows within these two regions may be analyzed 
separately, and the results can be combined to obtain a 
figure of merit for the complete system. It is shown in 


Appendix А (eq. (A3)) that when the thrust due to internal > 
flow is expressed in coefficient form (CP, baséd on the free- | 


stream area of the stream tube entering the induction system 
(Ay), the significance of the quantity of air required by the 
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engine disappears. Then, the magnitude of Cy,’ depends only 
on the ratio of the exhaust and flight velocities. (The 
contribution of the mass of fuel burned, w,/w,, to the thrust, 
Съ“, is usually on the order of only 5 percent at rated 


conditions and, for purposes of induction system comparison, 
may be neglected.) This fact makes it possible to isolate 
the effects of the total-pressure recovery on the thermo- 
dynamic cycle which determines the magnitude of the in- 
ternal thrust coefficient Cp; attainable with given engine 


characteristics at a fixed Mach number and altitude. То 
reduce computational effort and to make the determination 
of the internal thrust coefficient universal, graphs based on 
the thermodynamie cycles of jet engines have been devel- 
oped. : 

The processes undergone by the internal air flow from one 
station of & propulsion system to another have been repre- 
sented graphically in figures 2 to 4 using the tables and 
methods of reference 5. (See example 16 of ref. 5 for illustra- 
tion of the method of solution for various states of the gas.) 
The subscript numerals designate the stations shown in 
figure 1. The assumptions used are independent of any 
actual installation. They are as follows: 

1. For a turbojet engine, the specific enthalpy change 
through the turbine is equal to the specific enthalpy rise in 
the compressor (calculated as if the compression were 
isentropic) divided by the product of the adiabatic efficiencies 
(the combined efficiency) of the two units. 

2. The air-fuel ratios are those necessary to maintain the 
assigned combustion temperature by complete combustion 
of a fuel with the lower heating value (L. H. V.) equal to 
19,000 Btu per pound. 

3. The flow in the exhaust nozzle is isentropic; it has ‘the 
properties of air at the exhaust temperatures and leaves the 
tail pipe at free-stream static pressure at all flight conditions. 
(This assumption. requires an adjustable exhaust nozzle with 
variable throat and exit areas Aj) and Ал.) 

Flight and exhaust velocities can be determined from figure 
2 for ram jets and also for turbojets if the engine performance 
is available in the generalized form (р„/р„ and Тој Та) 


suggested in reference 6. If not, figures 3 to 5 must be used 
to find the effects of engine operation on the fluid conditions 
&t the engine outlet or at the entrance of the exhaust nozzle. 
Quadrant I of figure 2 presents the variation of the free- 
stream Mach number with the speed of flight at various 
altitudes. Quadrant II yields the ratio of recovered total 
pressure to free-stream static pressure (p,/po) as a function 


of total-pressure recovery (p,,/p,) of the air-induction system. 


Quadrant III shows the highest exhaust Mach number 
obtainable with the available pressure ratio (р,„/ро), which 


includes mechanical compression due to the power plant, as a 
function of the total temperature of the exhaust. The last 
quadrant provides the exhaust velocity corresponding to the 
exhaust Mach number and the total temperature Та when 
Фира. A correction for the exhaust-nozzle losses can be 
applied to the exhaust velocity, which was calculated on the 
assumption of isentropic flow, if the «ашаа оте но 
Jet-speed ratio is known. (See ref. 4.) 
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'The temperature graph, from which the total temperature 
&t various stations throughout the propulsive system can be 
determined, is shown in figure 3. "The effects of altitude, 
- flight Mach number, mechanical compression, and burning 
of the fuel are included in this figure. Quadrant IV can be 
used to find the temperatures or the amounts of fuel con- 
sumed in afterburning as well as in the main combustion 
chambers. The effects of incomplete combustion or of а 
different fuel heating value on fuel consumption can be 
taken into account by direct ratios of combustion efficiencies 
or of the heating values. The temperature graph is used in 
conjunction with the compressor-turbine graph shown in 
figure 4 from which the turbine expansion ratio necessary to 
drive the compressor can be determined. This figure also 
provides the resulting total temperature at the turbine 
outlet (Т) for a given inlet temperature. 

Figure 5 presents the variation of the temperature correc- 
tion factor with temperature at the compressor or turbine 
inlet. This figure is used to calculate the engine operational 
conditions from the performance parameters corrected to 
standard 
on the ratio of specific heats for air has been included in the 
temperature correction factor for the compressor because the 
stagnation temperature of the free stream varies sufficiently 
to cause error if it were neglected. 

The graphs described above allow determination of the 
velocities and air-fuel rates that must be known in order to 
calculate the internal thrust coefficient Cp,’. The coefficient 
Cy,’ is computed by substituting these quantities in-equation 
(A3) of Appendix A. 

Determination of the external drag coefficient Cp,.—The 
total drag chargeable to & propulsive unit consists of drag 
attributable to the induction system, to the modification of 
the airframe necessary to house the engine, and to the inter- 
ference of the pressure field of the propulsive system with 
other components of the aircraft. The magnitude of drag 
chargeable to the mduction system depends on the amount 
of diffusion ahead of the inlet, which is a function of mass-flow 
ratio (see ref. 7), and on the geometric proportions of the 
induction system which may be described, in general, by 
the length of the induction system and the ratio of inlet 
area to the frontal area of the installation (4,/S*). The 
inlet area necessary to provide the air required by the engine 
depends on the inlet mass-flow ratio; if the optimum mass- 
flow ratio is unknown, the value of the ratio A,/S* necessary 
for optimum operation is also unknown. Thus, when the 
optimum mass-flow ratio is bemg calculated, it is necessary 
to compute the variation of the net thrust coefficient О», 
with mass-flow ratio for several values of A,/S* which are 
between the value for the inlet operating at the maximum 

mass-flow ratio and that required at the mass-flow ratio for 
maximum. total-pressure recovery. 

In practice, induction-system characteristics are usually 
obtained from tests with models having a fixed 41/8“ ratio. 
If data for various ratios are unavailable, it is necessary to 
estimate the effects of A,/S* ratio on the total-pressure 


sea-level conditions. The effect of temperature | 
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recovery and drag. The total-pressure recovery usually is 
not affected appreciably by small changes in the inlet size. 
The changes in drag, however, must be taken into consider- 
ation at a given mass-flow ratio, the additive drag varies 
directly with the inlet area, while the surface pressure drag, 
which is roughly proportional to the square of the angle of 
inclmation of the external surface of the induction system 
with respect to the flow direction decreases ainsi as the 


‘inlet area is increased. 


DETERMINATION OF INLET SIZE FOR OPTIMUM OPERATION 


To develop maximum thrust at a given flight condition 
with an engine operating with a fixed volumetric capacity, it 
is necessary to match the engine and the induction system so 
that the latter operates at the optimum mass-flow ratio. 
This condition is attained when the induction-system inlet 
area, (Ај) is such that the cross-sectional area of the free- 
stream tube entering the inlet (4) is equal to that required 
by the engine. Кога fixed volumetric capacity, the area А, 
required by the engine varies directly with the total-pressure 
recovery at the exit of the induction system. This area 
(Ay) сап be found using relations given in Appendix В (вее 
eqs. (B1) and (B8)) and the engine characteristics. The 
inlet area (41) can be found from the equation defining the 
mass-flow ratio, that 15, m /mÍ= 4/41. 

The engine air requirements change with Mach number and 
altitude, апа the optimum mass-flow ratio usually changes 
with Mach number. Thus, it is unlikely that any one pro- 
pulsive system will develop the maximum net thrust at all 
flight conditions unless the inlet area is adjustable. If the 
engine air requirements are adjusted to the characteristics of 
the induction system having a constant inlet area by means 
of engine-speed control, the propulsive system will not 
develop the attainable maximum net thrust at off-design 
flight conditions? Appendix C presents the relations be- 
tween the mass-flow ratio, the total-pressure recovery, and 
the engine air requirements at various engine speeds; these 
relations provide the information necessary for computation 
of engine performance at part-throttle operation. 


ILLUSTRATIVE EXAMPLES 
APPLICATION OF GRAPHS 


The use of the graphs can be demonstrated best by illus- 
trative examples. For this purpose а ram jet and a turbojet 
with and without afterburning have been selected. When 
the charts are used for determining the internal thrust 
coefficients of actual installations, the actual induction 
system and engine characteristics are used; in the present 
report, these characteristics have been assumed. The com- 
putations were performed for various total-pressure recoveries 
(ра ра from 1.0 to 0.4) and Mach numbers (Mo from 1.0 to. 
3.0) in order to obtain data for the example induction-system 
calculations presented later in this report. 

Ram jet.—The steps of solution, presented in tabular form, 


.for a ram jet flying at a Mach number 2.0 in the isothermal 


3 Since the engine ordinarily runs at the maximum speed allowable for continuous operation 
(rated rpm), the speed control can only reduce the speed. Thus, the weight of alr handled 
per second and the operating temperature decrease with tho result that thrust decreases, 
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region of the atmosphere are as follows (the assumed values 
are indicated by asterisks): 


Item Source 
Vo Fig. 2, quadrant 1 ооо еррреревасиоиие 
a. Induction-system characteristics............. 
Ра 


Тез Fig. 3, quadrants I and П__........___.____. 
Та Operating (втретание.. ...----------- 


Ша 
Bt), | Fig.3, for Ty ond Tu, ,................. 


Ph Ph Ра 
Po Ps P5 
Уи Fig. 2, quadrants III and IV for py/po and 
Ts. 
, wN Vn | 
Ср, 2 [ux Ve 1 


The loss of total pressure between stations 3 and 9 was 
neglected. However, such loss can be taken into account 
by reducing the value of р, /р:, by the amount of loss. 


Figure 6 shows the variation of the internal thrust coeffi- 
cient Cy,’ with the total-pressure recovery and Mach 


number computed using the procedure outlined in the sample 
calculation. The temperature of combustion was assumed 
to be 3000° R throughout the range of Mach numbers. It 
must be remembered in the use of this figure that, since a 
fixed temperature was used, either the size of the inlet or the 
mass-flow ratio must reduce with decreasing total-pressure 
recovery or the critical area of the exhaust nozzle must be 
increased to compensate for the greater specific volume of 
the air handled. 

Turbojet.—In order to find the variation of the internal 
thrust coefficient for the turbojet without and with after- 
burning, the generalized characteristies of the engine shown 
in figure 7 were used. Constant actual speed n of 12,500 
rpm (rated speed at standard intake conditions) was assumed 
for the entire range of operation in both cases. The com- 
pressor characteristics were selected so that the pressure 
ratio at Mach number 1.4 would be 6.25. (The reasons for 
selecting this pressure ratio are discussed in Appendix D.) 
The effects of Reynolds number index (the ratio of Reynolds 
number to Mach number, see ref. 6) on the compressor 
characteristics have been neglected. The turbine charac- 
teristics necessary to satisfy the engine operational require- 
ments were determined using figures 3, 4, and 5 upon 
assumption of the variation of the adiabatic efficiency т; 
with corrected turbine speed for sea-level static conditions. 
The operational limits were fixed by the assumptions of: (1) 
the combustion temperature (2000° R) at rated engine 
speed; (2) the equality of actual rotational speeds of com- 
pressor and turbine; and (3) the equality of compressor and 
turbine pressure ratios at the idling speed. 

The internal thrust coefficients for the turbojet with 
afterburning were computed on the assumption that the 
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total fuel consumption (engine plus afterburner) per pound 
of air is equal to that of the ram jet at the same Mach number. 
The steps of solution for the turbojet without and with after- 
burning are given in chronological order in table I which 
contains the computations for flight at Mach number 2.0 in 
the isothermal region of the atmosphere. 

As in the case of the ram jet, the losses of total pressure 


due to combustion and friction (oe кы; Ра, and Ра 

| Ра Ра Du Р: 

neglected. Such losses, however, can be readily accounted 
for when 2, /ро is computed. 

The variation of the internal-thrust coefficient Cp,’ with 


total-pressure recovery computed for a range of Mach 
numbers is shown in figure 8. The variations of the internal 
thrust coefficients with Mach number and total-pressure 
recovery were calculated for the engine characteristics 
pertaming to a fixed actual engine speed. Thus, as the 
total-pressure recovery decreases at a given Mach number 
and altitude, the size of the air inlet or the mass-flow ratio 
must be reduced for a fixed-size engine. 


were 


CALCULATION OF OPTIMUM MASS-FLOW RATIO AND INLET AREA 


To illustrate the calculation of the maximum net thrust 
coefficient and of the required inlet area, the assumed 
characteristics of an air-induction system will be combined 
with the assumed engine characteristics shown in figure 7. 
In addition, the flight conditions of the example calculations 
will be selected so’ as to demonstrate the effects of Mach 
number and altitude on the maximum net thrust coefficient, 
the optimum mass-flow ratio, and the inlet area necessary 
for optimum performance. 


Example 1.—Flight is in the isothermal region of the 
atmosphere at Mach number 2.5. The engine operates at 


the rated actual speed and uses afterburning to the extent 
that the total fuel consumption is equal to that of a ram jet 
having а 3000° R combustion temperature 7, ,. (See figs. 
1 and 6.) 

Example 2.—Flhght is in the isothermal region of the 
atmosphere at Mach number 1.2. The engine operates at 
the rated actual speed and uses no afterburning. 

Example 3.—Flight is at sea level at Mach number 1.2. 
The engine operates at the rated actual speed and uses no 
afterburning. 

To simplify presentation, the effects of the ratio of inlet 
area, to the maximum frontal area of the installation (4,/S*) 
on the drag coefficient and total-pressure recovery will be 
neglected; that is, the characteristics for a fixed (4,/S*) ratio 
will be used to find the optimum mass-flow ratio. The 
engine frontal area Sp will be assumed equal to 70 percent 
of S*, and A,/S*=0.20 will be used in all examples; it will 
also be assumed that the engine operates at a constant speed 
(12,500 rpm) at all times, and that its size is such that it 
requires Ао--1 square foot when p,,/p,,=1.0 and M,—1.0 
at sea level, that is (10. 1) —54.6 Ib/sec. 


The assumed characteristics of the induction system to be 
evaluated are shown in figures 9 and 10. This system, 
designed for M,—2.5, uses one oblique shock wave ahead of 
the entrance and a normal shock wave just inside the inlet 
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at the maximum mass-flow ratio. The A,/S* ratio is typical 
of induction systems of the side-scoop type. At Мо-<1.2, 
the maximum mass-flow ratio is less than at Мо--2.5 because 
the normal shock wave is well ahead of the entrance and a 
considerable portion of flow is deflected past the inlet. For 
. the same reason, the minimum external drag coefficient 
C, „18 higher as а result of а greater additive drag coefficient 
(see ref. 7). The total-pressure recovery is higher at Мо=1.2 
because the normal shock wave occurs at a lower Mach 
number. 7 

In all cases the solution follows the outline given ix the 
section entitled “Method” of this report. 

Step 1: The variation of the internal thrust coefficient 
Cy,’ with ръа/ра at flight Mach number and altitude is calcu- 
lated. Figure 11 shows the internal thrust coefficient Ср," 


for example 1 obtained from the cross plot of data of figure 
8 for M,—2.5. 

Step 2: Тће external drag coefficients shown in figure 9, 
when converted to Аб using equation (A4) of Appendix A 
and .A,/S*=0.20, assume the values shown in figure 11. 

Step 3: The net thrust coefficient C, ^ is obtained by sub- 
tracting Co,’ from Су, of figure 11. 

Step 4: The net thrust coefficient С» , obtained using the 


relation 
st) (ла) (So) 
S* ae S P 


—0.286 Cp ' (=) 
a m 


and the values found in step 3, are shown in figure 12 for 
example 1. 

Similar calculations for examples 2 and 3 ydi the results 
shown in figure 13. In the case of example 3, curves similar 
to those of figure 8 for sea-level flight must be used. 
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The free-stream-tube area necessary to supply the air 
required by the turbojet engine of the illustrative examples 
is shown in figure 14 for various Mach numbers and total- 
pressure recoveries at two altitudes. The curves shown were 
obtained using equation (B8) of Appendix B. The inlet 
areas required at each of the three flight conditions to produce 
maximum net thrust coefficients Cr, were obtained by 
dividing the free-stream areas Ay, required by the: engine 
when the total-pressure recoveries are equal to those at 


(=) by the respective (=) Р 


The results of the calculations are summarized in the 
following table: 


These results indicate that the inlet area required for 
optimum performance must change with altitude at a fixed 
Mach number, as well as with Mach number at а fixed 
altitude. Although the results depend entirely on the 
variation of the induction system and engine characteristics 
with Mach number and altitude, it is unlikely that any one 
propulsive system will develop the attainable maximum net 
thrust throughout the range of Mach numbers and altitudes 
unless some means of varying the inlet area are employed. 


AXES ABRONAUTICAL LABORATORY, 
NATIONAL Apvisory COMMITTEE FOR ÁERONAUTIOB, ` 
Morrert FreLp, Cauir., February 19, 1952. 


APPENDIX А 


RELATIONS DESCRIBING NET THRUST COEFFICIENT AND NET THERMAL EFFICIENCY 


The internal thrust force and the internal thrust coefficient 
are given by the following relations when the exhaust pressure 
is equal to free-stream static pressure: ` 


p = 2 (1+ пад | | 


= po 4641/2 IG i 1 |20,4, (2-22) т Yu -1 | 
(Ai) 


Vu (A2) 


Ww; 
= =2 1 p ce 
p S* 5 ( tw, 
where W/W. represents the total amount of fuel consumed 
per pound of air handled. When based on the free-stream 
area of the stream tube entering the duct, the internal 
thrust coefficient is РЕ by 


О0о. Во (на ya (A3) 
Similarly, 
S* S* 

Cp, — Съ, А cu 7 (А4) 

A, — 

7% 
LQP1 V 141 V, A, JE : 2 € 
where — p FR: by definition. By continuity, pı У/4,= 


Po Vodo, and thus i= Pos 
0 
The net thrust coefficient based on А, is given by 
Ор !— Съ, У Cp,’ 


* 
0,72 | (142% 3i le, 5. 
А. — 


7% 


(А5) 
thus, 


(A6) 


The net thrust coefficient based on the engine frontal area 
is related to Cp,’ by the following relation: 


0,0 (St) a.) о», (SH) Se) (ле 


The net thermal efficiency of a propulsive system is given as 


(A7) 


qe 1177886 
KL. Н.У.) на 
where 
Ё„== =O, Б] Sapa As Cr. "(ро Vode) v=; e. Vo 
thus 
1 Cz. Vo Wa (A8) 


qe 2 L. H. V) gd Wr 


Where w,/w; is the weight ratio of air to fuel for the complete 
installation. 

If fuel is added at stations A and B and the рва] адаја; 
ratios are known, it can be shown that 


(8) - MIN E J ы]. 


since for one pound of mixture (see ref. 5) 


(оо), + Wat 155), 


Similarly, solving for the air-to-fuel ratio necessary to make 
up & total ratio, 


Тн) н]. 
ӨЛ (шу m 


APPENDIX В 


RELATION BETWEEN ENGINE REQUIREMENTS AND THE 
OPTIMUM INLET AREAS AT VARIOUS FLIGHT CONDITIONS 


TT total 


(49) 


The corrected air flow given by the relation 


0 
(AE а — 5, + 


can be plotted in the form of a re to the rated corrected 


value 
CR 
бз 1! 
Thus г 
(Wa)corr. (o). d» Ма 
(ши (=. Ves 
ES st 
or 


Өз\ (Wadcorr. с e б; (ВІ) 


(Pa) м == Me ae ӧз 31 (w3a | 


Where (тра)м == др Vo is the actual weight rate of air flow 
through the engine at & given Mach number. For any 
two Mach numbers Ма and М, the weight rates are thus 
related by the ratio 


ыз, [RED 
™ [sis GL 


for а given engine. 
The weight flow in the free stream through an area equal 


to that of inlet passage is given by the relation рро Уб А == 
Еро/М0.4,00 and the weight entering the inlet is given by 


(B2) 


(wau, =| рза) та |, (Вз) 
At any two Mach numbers М, апа Ма, 
(e род Алао AA 
(B4) 
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If the two static pressures and temperatures are equal 
(fixed standard altitude) 


mi 
(а) (4:04, та 
(ум, ( ER M, та 
Mo/ ма 
ТЬе flow through the inlet must be equal to the flow 
through the engine for a matched condition. Thus, 


Ма 


(B5) 


(Wa)corr. с 53 
(am) то с: ен. (Wa)sı 4/6; 
Mı [ (Wacorr.c ӧз | — c Ӛз 
(426 (Ai) (боди JE 
since ба== Pts 2 and 2 constant for a fixed altitude, 
£ sl 
СИ ли „ 
(Anar, Mo/ opt а (A Фо Y Өз 
Adua Тм, та) {| (Wa)eorr. с Dt, [1 ча 
по opt аз (ГАК: Do 
or 
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(Wa)st Pty Po V Os ма 
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'The values of Coens are [given by the engine (com- 
st 


pressor) characteristics for corrected compressor. speed 
сог. еу Which may be found using figures 3 and 5. The 
‚ rest of the terms are determined from the inlet character- 
istics and flight conditions with the help of figures 2, 3, and 5. 

For flight at different altitudes and Mach numbers it can 
be shown, similarly to equation (B6), that 


|» 1 EL (Wa)corr. с Pts Qo 

(Дум Mo ЈЕ Di (Wa)st Du G bons 

с Za кү (ытты | С? 
opt Di (ара) а Ра Oso Ма 


where 0, — yg RT, is the speed of sound at stagnation 


conditions. 
The fred-stream area Аб required by the engine at various 
flight conditions can be obtained using equation (B7) by 


letting ти) =], and Ал= Ао. Thus 
opt I 
(м. A PM c Ра do do 
(Адм, (раја Pig до ма, 


(Ада (м ге) (Wa) corr. c Diu до 

0 дини — 

Pı Мао (шады Ра Gto Ma, 
Po 1 yr 


where —= 
Ра Рао 


2'gives 75 for Мо | 
Do 


(B8) 


when ps 0. Quadrant TI of figure | 
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до до да _ o fi. 4Х519 а 1 
а; Gy а; ТЕ ҮТ; ац. 0 
where . 
до 


--- 15 the ratio of speed of sound at static temperature for 


а, 
| flight altitude to that at standard sea-level conditions. 
This ratio can be found from quadrant I of figure 2. 


На їз given in figure 5 for Ге T, , which can be found 
from quadrants I and П of figure 3. 
APPENDIX С 


RELATION BETWEEN INLET MASS-FLOW RATIO AND THE 
ENGINE AIR P EQUIREMENIE AT A FIXED MACH NUMBER 
AND ALTITUDE 


The mass-flow Tatio, by definition, is given by 
Та pi Yi Ү.А, 
Mo pi рі ЎА! 

'The mass of air flowing through the inlet 3s then 


m 
р1 NA Po VoA 


The weights of air flowing through the inlet and the engine 
are equal and are given by 


* т 6 
W= 8500 VoAi= (ша) сотт. с (2) 


(ne, rm vet 3m CT), |, 


Thus, the ratio of mass flows at different 7л, /то is given by 


В LI "e С). | (wee 
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: (20а) отт, с 
Solving for CUR 


ог 


(С1) 


and rearranging terms, one obtains 


САРА Водка |. . GL. uh 
(ТАЙ: (m) D GL 


For & given Mach number and altitude the total temperature 
T, ,18 constant, hence 


[( 0; м. looi (09) м, 


(C2) 
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By definition, 
Фа 
ог 
ара Ра Pio Ро 
Роби Pty Do Ри 


where d constant for a given M, and altitude. Thus, 
st и 
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x Un. 


(Wa) corr. е (Wa)eorr. Doeane | 
(ws - САМ (uy 3 Е J (C3) 
opt = 
Using alegre, s „? the compressor corrected speed z+. сап 


mo 
be found from the engine characteristics. The actual 
engine speed сап be found, once ./0, 18 known, since 


Пе Torr, о [65 
APPENDIX D 
SELECTION OF COMPRESSOR PRESSURE RATIO 
The compressor pressure ratio p,,/p,,, as used in this report, 
has been selected using the maximum obtainable internal 
, thrust coefficient as a criterion. Figures 2, 3, and 4 were 


used together with the equation for the internal thrust 
coefficient Cp, (Appendix A, eq. (A3)). The calculations 
were based on the following principles: 

1, In order to segregate the effects of variation of engine 
parameters from the effects of altitude and pressure recovery, 
the conditions of the isothermal region of the atmosphere 
were used and isentropic recovery was assumed. 

2. The combined efficiency of the compressor and turbine 
nent Was assumed to be 100 percent in all computations, and 
а combustion temperature of 2000° R was used. 

3. The internal thrust coefficient Cp,’ was determined for 


assumed Mach numbers of flight. The exhaust nozzle was 
considered 100 percent efficient. 

The results of these calculations are shown in figure 15 
for the turbojet without afterburning. The points of maxi- 
mum internal thrust coefficients have been joined by a curve 
which indicates the compressor pressure ratios necessary to 
obtain optimum operation. The data of figure 15 are ideal- 
ized since the variation in compressor efficiency with tem- 
perature was not included (nen: was assumed to be 100 
percent). 

The optimum pressure ratios, however, are not affected 
appreciably by the combined efficiency; the thrust co- 
efficients, on the contrary, are largely dependent on eff- 
ciency of every component of an installation. Pressure 
ratios of the compressor of figure 7 at various Mach numbers 
also are shown in figure 15. The value of p,,/p,,=6.25 at 


Мр=1.4 was selected as one that would produce approxi- 
mately maximum internal thrust coefficient without after- 
burning at Mach numbers less than 2.0. Figure 16, which 
presents data similar to those of figure 15 but with after- 
burning, shows that the same engine using afterburning is 
capable of producing nearly maximum internal thrust 
coefficients in the range of Mach numbers between 2.0 and 
3.0. Again, the amount of afterburning was controlled so 
that total fuel consumption would be equal to that of the 
ram jet of figure 6. 
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TABLE J.—SAMPLE CALCULATIONS FOR А TURBOJET 
ENGINE WITH AND WITHOUT AFTERBURNING. ' 


ч» UA = — — — eee eee p ы” LLL 


Fig. 2, quadrant IL................ 
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Actual engine speed_____.---_..- == 


Acer- € n£ etc EEOAE PEE ..| трга ____| «10,720 | 510,72 
Ne Compressor characteristics for | None..—] 90.900 «0, 000 
R sarr „ fig. 7. . 


Dp: pi, Compressor characteristics for 
: Понт. є, fig. 7. 
Tu Fig. 3 for p, fp, and Tr, ,------—| ° R----- 1000 1060 


Engine characteristics for Neer- су 
fig. 7. 


-—— р ар mu өз um See "P AP UM A аш eS Se eee wee и. 


Turbme characteristics for Neer. г, 
fig. 7. 


Fig. 4 for Та, nens, and Ту-------- 


Т, Fig. 4 for pipi and Т... о На 1584 1584 
te lb air 
ze) Fig. 3 for Т, апа Ти uie ла --| Tb таг — 71.00 11. 06 


(= totalat | Assumed equal to that of ram jet 
on 8. operating at 3000° R 


не Equation (А8) of appendix А. Jb air 49.20 
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« Values for assumed condition of operation. 
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Fiaure 6.—Effects of total-pressure recovery on internal thrust coefficient of a ram jet operating at 3000? Rankine in the isothermal region 
i of atmosphere. 
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Figure 11.—Effects of mass-flow ratio on thrust and drag coefficients. 
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Етасвв 12.—Effects of mass-flow ratio on net thrust coefficient at. 


Mach number 2.5 in the isothermal regien of the atmosphere. 
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Figure 15.—Effects of compressor pressure ratio on internal thrust 
coefficient of turbojet without afterburning. 
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Figure 10.—Effects of compressor pressure ratio on internal thrust 
coefficient of turbojet with afterburning. 


